ABSTRACT: The effect of bovine carbonic anhydrase (CA) on calcium carbonate (CaCO 3 ) crystallization was investigated. A new method was developed to estimate the biocatalytic activity of CA in alkaline solution. The CA was immobilized within polyurethane (PU) foam, and compared its biocatalytic activity with the free-CA and bare-PU foam. A minireactor was created in a calcium hydroxide (Ca(OH) 2 ) solution in order to control the CO 2 transfer rate, and reproducible results were obtained. It was found that the free-CA lost its activity in less than 6 min at pH 12.5 in alkaline Ca(OH) 2 solution. The CaCO 3 crystallization rates for the immobilized-CA were found to be a U-shape, relatively lower at lower immobilized-CA amounts compared to those for the free-CA and bare-PU foam and higher when the amount of immobilized-CA increased. It was concluded that a higher immobilized-CA amount is required to accelerate the CaCO 3 crystallization rates in Ca(OH) 2 solution.
INTRODUCTION
Atmospheric concentration of carbon dioxide (CO 2 ) has been increasing due to anthropogenic activities. 1 In order to control the CO 2 concentration in the atmosphere, a number of CO 2 sequestration options have been proposed such as storing CO 2 in geological formations including unmineable coal seams, saline aquifers, abandoned gas and oil reservoirs, injection of CO 2 in the ocean, enhancement of CO 2 consumption by a terrestrial ecosystem, and conversion of CO 2 by advanced chemical and biological methods into more useful and value added products. 2 In these sequestration options, however, the CO 2 needs to be pure for which the CO 2 is captured from the flue gases, compressed to the desired pressures, transported to a sequestration site, and, finally, injected within the sequestration area for long-term storage. 3 All of these processes increase the sequestration cost. 4, 5 The sequestration cost could be reduced if the CO 2 is captured and sequestered directly at the production sites. Moreover, the production of valuable products from CO 2 , such as nanosized calcium carbonate (CaCO 3 ), 6 which is extensively used as filling material or pigment in paper, paints, and plastics industries, could make the sequestration process economically feasible. 7, 8 However, the hydration of the CO 2 is the slowest step. 9 Attempts have been made to enhance the hydration of CO 2 in the presence of a biocatalyst, carbonic anhydrase (CA). 10−12 Bond et al. 13 developed an integrated system for biomimetic CO 2 sequestration, employing the CA enzyme to accelerate the rate of CO 2 hydration for the subsequent fixation into stable mineral carbonates utilizing artificial seawater. Sharma et al. 14 isolated CA from different sources of bacteria and employed for CO 2 sequestration into CaCO 3 . Favre et al. 15 reported an acceleration of CaCO 3 crystallization in the presence of CA enzyme. Li et al. 16−20 reported the effects of CA on the CaCO 3 crystallization with particle sizes larger than 20 μm. Mirjafari et al. 12 investigated the effect of CA on enhancement of CO 2 hydration in the solution. Liu et al. 11 studied the precipitation of CaCO 3 from produced waters in the presence of CA. There are some disadvantages of using the free enzyme in solution such that the stability of the enzyme is low, its repeatable usage is limited, and its recovery from the reaction environment generally is not possible. These disadvantages can be eliminated by immobilizing the enzyme within or onto some solid and polymeric supports. Carbonic anhydrase has been immobilized on solid supports by different forms of attachments. For example, Drevon et al. 21 immobilized carbonic anhydrase in coatings by covalent bonding; Liu et al. 11 immobilized CA on chitosan-alginate beads by encapsulation; Jovica and Kostic 22 immobilized CA within silica monoliths by a sol−gel method; Cheng et al. 23 immobilized CA within the poly(acrylic acid-coacrylamide) hydrogel by entrapment; and Hosseinkhani and Gorgani 24 immobilized CA on hydrophobic adsorbent of Sepharose 4B by adsorption. Although polyurethanes (PU) are widely used supports for immobilization of enzymes and cells, 25−29 the bovine carbonic anhydrase (CA) has not been immobilized within PU-foam, to our knowledge, for the first time, the CA enzyme was immobilized within PU foam by cross-linking in our lab. 30, 31 Since then, the CO 2 sequestration efficiency of the immobilized CA has not been investigated especially in alkaline conditions.
An accurate measurement method is needed to measure the biomimetic CA activity in alkaline conditions. Three types of experimental techniques have been developed to measure the CA activity such as the electrochemical method or pH-drift method, 12, 13, 32, 33 manometric method, 34, 35 and colorimetric method. 31, 36 There are advantages and disadvantages for each technique. While the electrochemical and manometric techniques employ CO 2 as the substrate, the colorimetric technique uses an organic ester as the substrate. In the pH-drift method, it is needed to measure precisely the time to reduce the pH from about 7.5 to 5.5 in the presence of enzyme. Lower temperatures, to about 0−5°C, are required to slow down the CA activity. Also, a high precision pH electrode and a very fast pH measurement system are needed for accuracy. 12 Therefore, it is hard to measure the CA enzyme activity or the initial rate at alkaline conditions and false results could be obtained. 12,13,37−39 For instance, after measuring the CA activity by the pH-drift method, Bond et al. 13 reported that the SO 4 2− ion, one of the major components in flue gas, is an inhibitor to CA. However, after measuring the CA activity by the colorimetric method, Ramanan et al. 40 reported a contradictory result showing that the SO 4 2− ion indeed enhances the CA activity of about 26%. In the manometric technique, the gas pressure change is measured on the top of the enzyme solution with time; therefore, it can be called a pressure-drift method. The rate of CO 2 absorption into the solution was used as an indication of the CA activity for CO 2 hydration. 34 However, the volume of the gas on the liquid, the gas−liquid interface area, and temperature need to be determined accurately and the mass balance needs to account for the compressibility factor (z) at higher temperatures and pressures. 41 Therefore, the pressuredrift method need improvements. The most comparable results for the CA activity were reported with the colorimetric technique in the literature. In the colorimetric method, paranitrophenyl acetate (p-NPA), an ester, was used as the substrate and the hydrolysis activity of CA is determined. One of the hydrolysis products is para-nitrophenol (p-NP), and the hydrolysis reaction can be followed easily by measuring UV− visible absorption at a wavelength of 400 nm for p-NP. However, p-NPA is not soluble in water and acetonitrile is used as a solvent. Therefore, the activity assay contains 10% of acetonitrile, which was shown to inhibit the CA activity. 30 Also, p-NPA undergoes self-dissociation exponentially with pH and temperature and almost linearly with its concentration. Thus, accurate corrections are needed for the determination of the CA activity for the colorimetric method. Another drawback in the colorimetric method is that the CA activity is measured with a chemical molecule, p-NPA, instead of CO 2 itself. Therefore, a new measurement method is needed to measure the biomimetic CA activity for CO 2 , especially in alkaline conditions.
We have recently reported that, in a calcium hydroxide (Ca(OH) 2 ) solution, the conductivity values are linearly related to the Ca(OH) 2 concentrations up to its solubility limit of about 20 mM, and therefore, the crystallization rate can be estimated from the conductivity changes in the Ca(OH) 2 solution. 6, 42 Here, a new method was developed to measure the immobilized CA enzyme activity in alkaline solution for the biomimetic CO 2 sequestration into inorganic CaCO 3 .
MATERIALS AND METHODS
2.1. Materials. Carbonic anhydrase from bovine erythrocytes (BCA) (MW: 29 000, 89% pure in protein as dialyzed and lyophilized powder) was purchased from Sigma-Aldrich. Calcium hydroxide (Ca(OH) 2 ), sodium hydroxide (NaOH, 97% w/w), and hydrochloric acid (35% v/v) were all purchased from Merck and used without further purifications. Carbon dioxide (CO 2 ) was purchased from Carbogas Co., Turkey, with a purity of 99.99%. Polyurethane prepolymer, HYPOL-2060, was provided as a kind gift from Dow Chemical Co., Turkey.
2.2. Experimental Setup. An experimental setup was designed for the measurement of CA enzyme activity in alkaline solution as shown in Figure 1 . The reactor was a three-neck round-bottom flask. A glass pH probe (Orion), a conductivity cell (Orion), and a glass tubing with a diameter of 5 mm were attached on each port and sealed gastight with a rubber gasket. A 20 mM Ca(OH) 2 solution was prepared in the flask by dissolving 0.3 g of Ca(OH) 2 powder in 200 mL of ultrapure water (Millipore Elix-5/Milli-Q). A plastic balloon was used in the experimental setup in order not to disturb the gas−liquid interface and not to cause pressure anomalies as occurring in the manometric method. The plastic balloon filled with CO 2 was attached to the top of the glass tubing, which was immersed into the Ca(OH) 2 solution. Therefore, a minireactor with a diameter of 5 mm and a height of about 1 cm was created on the surface of the Ca(OH) 2 solution for CO 2 dissolution. As can be seen in the figure, CO 2 was allowed first to dissolve on the surface of the solution within the minireactor and diffuse into the stirred bulk solution. The CO 2 bubbling was not allowed to happen during the injection. Batch experiments were conducted at room temperature at 600 rpm of stirring. The conductivity probe was calibrated against its standard solution before each experiment. All data were collected online by a PC with a 5-Star Navigator software program. Precipitation was terminated when the pH reached to about 7 during crystallization.
2.3. CaCO 3 Synthesis with Polyurethane Foam. In order to compare the effect of immobilized-CA enzyme on the CaCO 3 crystallization, control experiments were conducted by using bare polyurethane (PU) foams. Production of PU-foam was reported previously. 30, 31 Briefly, about 3.5 g of prepolymer, HYPOL2060, was mixed with an equal amount of water. The two-phase system was mixed vigorously for 30 s by a drill with a handmade mixer blade. The level of the white polymeric solution started to increase as a result of a CO 2 release during the polymerization. The level, and thus the polymerization, settled in 2−3 min. Polymerization was carried out at room temperature. After polymerization, the foam was allowed to cure for at least 2 h prior to its use. In order to be able to mix the foams within the 20 mM Ca(OH) 2 solution, the foam was cut into very small pieces of about 2 mm × 2 mm × 2 mm by scissors. Otherwise, PUfoam with bigger sizes was seen to float on the surface of the solution. Different amounts of foam pieces were used in the experiments.
2.4. CaCO 3 Synthesis with Free-CA. CaCO 3 crystallization was investigated in the presence of free carbonic anhydrase. A 12.55 mg portion of CA enzyme was dissolved in 6 mL of ultrapure water by stirring at 600 rpm on a magnetic stir plate to prepare a stock solution of the enzyme. A 250 μL aliquot of free-CA enzyme from its stock solution was added into the Ca(OH) 2 solution, and the mixture was stirred for an additional 5 min at 600 rpm before injection of CO 2 . In this case, the concentration of the free-CA was calculated to be 0.09 μM. Similar to Mirjafari et al., 12 up to 2.0 mL (0.71 μM) of free-CA enzyme was used in the crystallization experiments.
2.5. CaCO 3 Synthesis with Immobilized-CA. The procedures for immobilization and characterization of the immobilized-CA enzyme within PU foam have been reported previously. 30, 31 Briefly, immobilization occurs covalently via isocyanate groups on the prepolymer and amine groups on the enzyme. A predetermined amount of CA enzyme in powder form was dissolved in 3 mL of ultrapure water, and the resulting solution was poured onto about 3 g of viscous HYPOL2060 prepolymer in a 50 mL falcon tube. The two- 
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Article phase system was mixed vigorously for 30 s by a drill with a handmade mixer blade to achieve a homogeneous distribution of the enzyme within the prepolymer. The polymerization settled in 2−3 min by releasing CO 2 . After curing at about 2 h, the immobilized CA was characterized for enzyme activity, stability, and reusability. 30, 31 For the CaCO 3 crystallization, the CA-immobilized foam was cut into small pieces of about 2 mm 3 in order to suspend them within the Ca(OH) 2 solution. Different amounts of CA-immobilized foams were used in the precipitation experiments.
2.6. Sample Characterization. After CaCO 3 precipitation was completed when the pH value dropped to about 7, the suspensions were taken in 50 mL falcon tubes and centrifuged for 10 min at 9000 rpm (Universal 320 − Hettich Zentrifugen). The precipitates were collected and washed with acetone and then ultrapure water. All samples were dried in an oven at 103°C (Nuve FN 500) overnight before characterization. The morphology of the CaCO 3 crystals was analyzed using a scanning electron microscope (SEM) fitted with a field emission source (Philips XL 30 S FEG), operating at an accelerating voltage of 15 kV. The X-ray powder diffraction (XRD) measurements were carried out using a modified computer-controlled Philips X'Pert Pro X-ray diffractometer. The crystal structure was determined using Cu Kα radiation (45 kV and 40 mA) equipped with a diffracted-beam monochromator -accelerating detector. The fine powder was packed into a zero background sample holder. The packed powder was introduced to the detector as received. The weight of the loaded sample was not important and varied. The diffraction pattern was recorded for 2θ from 10°to 80°, and a 2θ step scan of 0.033°was used, counting for 10.16 s at every step. X-ray patterns were also used to determine crystal size from the broadening of the diffraction line at half the line of maximum intensity by using the Scherrer equation.
RESULTS AND DISCUSSION
In order to compare the activity of immobilized-CA in alkaline conditions, control experiments were conducted initially by using bare-PU foams. Small PU foam cubes with sizes of about 2 mm were dispersed in the Ca(OH) 2 solution at a concentration of 20 mM. The CO 2 dissolution and CaCO 3 crystallization started when CO 2 gas was released from the balloon container onto the minireactor within the Ca(OH) 2 solution as shown in Figure 1 . Any pressure fluctuations and disturbances on the gas−liquid interface were avoided by using the balloon. Both pH and conductivity values were monitored and recorded for evaluations. The PU foam is highly porous with pore sizes of about more than 500 μm as evidenced from their SEM images. 30, 31 Figure 2a shows the pH and conductivity values during CO 2 dissolution and CaCO 3 crystallization in the presence of different amounts of bare-PU foams. As shown in the figure, the conductivity values decreased almost linearly for each PU foam. The time required to complete the CaCO 3 crystallization was about 10 min and similar for different amounts of PU foams. Conductivity close to zero indicated that all Ca 2+ ions were consumed in the suspension, 6 at which pH decreased from 12.5 to about 9.5. The solution is now called "suspension" because CaCO 3 produced is in solid form suspended in the liquid phase as nanoparticles. With further dissolution of CO 2 , nano-CaCO 3 particles were expected to dissolve, adding some Ca 2+ ions back in the solution. Thus, the small increase in conductivity can be attributed to the dissolution of CaCO 3 and the increase in Ca 2+ concentration in the suspension. Similar completion times in CaCO 3 crystallization with different amounts of foam pieces indicate that the PU foam is less effective on the CaCO 3 crystallization, and the experiments conducted by using the minireactor is highly reproducible. Figure 2b shows the change in pH and conductivity values during CO 2 dissolution and CaCO 3 carbonization in the presence of different concentrations of free-CA. As shown in the figure, as soon as the CO 2 was introduced, the conductivity values started to decrease linearly, and in some cases, a small delay was seen. The time required to decrease the conductivity values to about zero was about 10 min for each free-CA concentration. During this period, the pH decreased from 12.5 to about 9.5, similar to what was observed in the presence of PU foams. After consumption of Ca 2+ ions and with further CO 2 dissolution, a small increase in conductivity values was seen, indicating that the concentration of Ca 2+ ions and some other ions formed from CO 2 increased in the suspension. 6 It is known that the stability of free-CA is maximum at pH around 8.3, and this stability was preserved at pH up to 10.5 at room temperature. 36, 43 However, it was shown that the free-CA has lost its activity when the pH was 13. 40 Also, after measuring the activity of free-CA by the colorimetric method using p-NPA, Ramanan et al. 40, 44 reported that, while the Ca 2+ ion is a weak inhibitor to the free-CA, HCO 3 − and CO 3 2− ions significantly inhibit the free-CA activity, possibly due to competition with the p-NPA substrate as CA catalyzes the reversible conversion of HCO 3 − to CO 2 . Our experimental results show that the free-CA had little or no activity on CO 2 hydration or CaCO 3 crystallization in high alkaline solution at pH 12.5 even though the concentrations of free-CA varied. It is most probable that the free-CA has lost its activity at pH 12.5. Information is limited in the literature for the stability of free-CA at higher pH values. 45−47 It may be the reason why the reports are limited on the biocatalytic activity and stability of CA at high alkaline conditions. One of the important finding of this result is that the free-CA is not active or totally inhibited in Ca(OH) 2 solution at pH 12.5, and therefore, the experimental procedure again is highly reproducible.
We 30, 31 and others 35,36,46−48 have shown that biocatalytic and thermal stability of CA improved when they were immobilized. Although the free-CA has lost its activity or inhibited at high alkaline solution, the behavior of immobilized-CA has not been investigated at the indicated conditions. Here, the biocatalytic activity of immobilized-CA was studied with two-sets of experiments. Figure 2c , the time to drop the conductivity value to about zero was steadily increasing with the amount of immobilized-CA when 0.25 g of biocatalytic-PU foam was used. As shown in Figure 2d , the time to drop the conductivity value to about zero was decreasing with the amount of biocatalytic-PU foam and, therefore, the amount of immobilized-CA. The drop in conductivity values was very fast and linear at some cases and fluctuated in others, indicating that the CO 2 dissolution and CaCO 3 crystallization were affected by the immobilized-CA. Therefore, it is clear from these findings that the immobilized-CA is active in high alkaline solution at pH 12.5.
We have shown that the measured conductivity values are linearly related to the [Ca(OH) 2 ] concentration up to its solubility limit of 20 mM where conductivity is in mS/cm and [Ca(OH) 2 ] is in mM, which is also in very good agreement with the literature. 49, 50 The crystallization rate, therefore, can be obtained from the change in conductivity with time up to its solubility limit. Energy & Fuels (3) Figure 3 shows the CaCO 3 crystallization rates obtained from the conductivity change in the presence of bare-PU foam, free-CA, 0.25 g of PU foam containing different amounts of immobilized-CA, and different amounts of PU foam with the same amount of immobilized-CA. The CO 2 dissolution rate, the Ca 2+ consumption rate, or the CaCO 3 crystallization rate can be obtained from the change in conductivity. Here, the lines are the average of 2 data points for the rates. As shown in Figure 3a , as soon as CO 2 was introduced to the top of the minireactor, it dissolved in the solution with small variations in rate. The crystallization rate was almost the same for each bare-PU foam sample. The rate slightly decreased for the late stage of crystallization, for which pH decreased, the Ca 2+ ion concentration decreased, and other ionic species as a result of CO 2 dissolution appeared in the suspension. After the consumption of all Ca 2+ ions, the rates were seen to increase again due to dissolution of some solid-CaCO 3 particles in the suspension. 6 Similar behaviors were observed for the free-CA as shown in Figure 3b . However, the rate was lower for some freeenzyme concentrations (0.09 and 0.23 μM) at the early stages of crystallization and recovered at the late stages. This is important because it indicates that the free-CA was active initially and lost its activity in less than 6 min in the alkaline solution. The Ca 2+ ion consumption rates were relatively lower in the presence of immobilized-CA as shown in Figure 3c ,d, indicating that the immobilized-CA was significantly active in Ca(OH) 2 solution and delayed the CaCO 3 crystallization. As shown in Figure 3c , the CaCO 3 crystallization rate, Ca 2+ ion consumption rate, or CO 2 dissolution rate was higher for 0.25 g of bare-PU foam; however, the rate decreased significantly in the presence of immobilized-CA. The rate was getting lower with the amount of immobilized-CA within the biocatalytic PU foams. The CaCO 3 crystallization rate increased when the amount of biocatalytic-PU foam increased as shown in Figure  3d . It was understood that, while the dissolved CO 2 enhanced the CaCO 3 crystallization, the immobilized-CA hindered the CaCO 3 crystallization at high alkaline condition. Therefore, a fluctuation in rate was seen through the progress of crystallization, and at the end, the crystallization proceeded for completion.
It seems that immobilized-CA competed with the dissolved CO 2 for the CaCO 3 crystallization. Considering the ionic speciation, a flowchart was proposed as shown in Figure 4 to figure out the role of ionic species and CA enzyme on CaCO 3 crystallization. When Ca(OH) 2 
When the CO 2 gas was introduced into the aqueous phase, a number of transformations occur at the gas−liquid interphase such as dissolution in aqueous phase, hydration by water, ionization, and carbonate formation. 
When the pH is higher than 10, the carbonate formation becomes dominant by the OH − ions.
13
In the presence of Ca 2+ ions, additional ions, clusters, and nanoparticles could form in the carbonate buffer. 
The complex formation of Ca 2+ ions consumes OH − and HCO 3 − ions to form Ca(OH) + and CaHCO 3 + species. Here, the solubility of CaCO 3 is about 0.1 mM 42 and all the species eventually end up in the solid-CaCO 3 particles controlled by the three rate-determining processes. 54, 55 Carbonic anhydrase was expected to accelerate the CO 2 hydration to form HCO 3 − and increase the rate for CaCO 3 crystallization. In the presence of CA, the CO 2 hydration is initiated by the nucleophilic attack on the carbon atom of CO 2 , by the zinc-bound OH − , to produce HCO 3 − , which is then displaced from the zinc by a water molecule. 
Here, the first step is the activation of CA and it is expected that CA is always active in alkaline solution. When the concentration of dissolved CO 2 (aq) is higher, the CA is expected to catalyze the hydration of CO 2 to form more HCO 3 − . This is the usual studies in biocatalytic CaCO 3 crystallization at lower pHs as generally reported in the literature. 12, 13, 34, 54, 56, 57 However, when CA is active at higher pHs and the HCO 3 − ion concentration increases rapidly, the CA now operates in the opposite direction and dehydrates the HCO 3 − ions to produce CO 2 . 46 The CO 2 (aq) can then follow other paths as shown in Figure 4 and end up in CaCO 3 crystallization. However, this mechanism decreases the crystallization rate as occurred in our study.
It can be noted that the conductivity for 20 mM Ca(OH) 2 solution is about 8.6 mS/cm. This conductivity value decreases to about zero during CaCO 3 crystallization. About zero values of conductivity in the presence of solid-CaCO 3 particles indicate that solid nano-CaCO 3 does not affect the conductivity reading. When the CaCO 3 suspension was fully saturated with CO 2 , the conductivity value increases up to about 1.9 mS/cm, and this conductivity value was attributed to Ca 2+ ion concentration considering the concentrations of the ion pairs negligible. 55 Therefore, solid-nano-CaCO 3 particles affect neither the conductivity reading nor the estimation of CaCO 3 crystallization rates in Ca(OH) 2 solution, and this technique can be employed in biocatalytic enzyme activity determination at alkaline conditions. Figure 5 compares the maximum CaCO 3 crystallization rates achieved in Ca(OH) 2 solution. As shown in Figure 5a , the CaCO 3 crystallization rate was about 0.37 × 10 ·s when immobilized-CA was included in PU foams. The crystallization rate was seen to decrease further as the amount of immobilized-CA increased, indicating that the biocatalytic activity in the biocatalytic-PU foams increases with the amount of immobilized-CA. Figure 5c compares the CaCO 3 crystallization rates obtained for the same amount of bare foam and biocatalytic-PU foams. As shown in the figure, the crystallization rate was about 0.37 × 10 −7 mol/cm 3 ·s for bare-PU foams and it remained almost unchanged with its different amounts. There is a significant decrease in crystallization rate of about 0.16 × 10 −7 mol/cm 3 ·s when CA-immobilized PU foams were added into the Ca(OH) 2 solution. When the amount of biocatalytic-PU foams was increased, the CaCO 3 crystallization rate became higher at a slower pace at low biocatalytic foam amounts and at a faster pace at higher biocatalytic foam amounts exceeding the rates for the bare-PU foams. The crystallization rate of about 0.67 × 10 −7 mol/cm 3 ·s was obtained for 1.0 g of biocatalytic-PU foam. As can be seen in the figure, while lower amounts of 
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The biocatalytic activity of immobilized-CA was compared with respect to the amount of immobilized enzyme in biocatalytic-PU foams. The immobilized-CA amount was calculated accounting for the amount of HYPOL and the amount of CA added originally for immobilization as described in the experimental section. Figure 5d shows the CaCO 3 crystallization rates for different amounts of immobilized-CA within the biocatalytic-PU foams. As shown in the figure, when a constant amount of biocatalytic-PU foam, 0.25 g, was used, the immobilized-CA was active and decreased the CaCO 3 crystallization rate. When the biocatalytic foam amount, and thus the immobilized-CA, was increased, again, the immobilized-CA was active and decreased the crystallization rate at low immobilized-CA amounts. However, there was an increasing trend in the CaCO 3 crystallization rate with the immobilized-CA amount. It seems that there is a U-shape in CaCO 3 crystallization rate with the amount of immobilized-CA, which we believe determines the accelerating or decelerating activity of the immobilized-CA on the CaCO 3 crystallization.
Information for the accelerating or decelerating activity of the immobilized-CA may be withdrawn by comparing the CaCO 3 crystallization rates summarized in Table 1 and analyzing the flowchart in Figure 4 . The CaCO 3 crystallization rate was measured about 3.7 × 10 −8 mol/cm 3 ·s in Ca(OH) 2 solution. In the absence of CA, CO 2 dissolves and crystallizes in the Ca(OH) 2 solution. It was known that this process is controlled by the CO 2 hydration rate and mass transfer rate for the crystal growth. 54, 55 In the presence of bare-PU foam, the rate was about 4.0 × 10 −8 mol/cm 3 ·s, which was slightly higher than that for the control. Bare-PU foams may help nucleation of the CaCO 3 crystals; therefore, an increase occurred in crystallization. 59 In the presence of free-CA, the CaCO 3 crystallization rate was about 4.9 × 10 −8 mol/cm 3 ·s, which is almost 32% higher than that for the control and about 22% higher than that for the bare-PU foam. It was claimed in the literature that one molecule of CO 2 should be released for each CaCO 3 molecule deposited on the surface and 2 molecules of HCO 3 − were consumed, and free-CA enzyme was employed to show the increase in the crystallization rate. 54, 60 This idea was debated by Zhang and Grattoni, 61 indicating that CA could have reduced the energy barrier of forming new nuclei of CaCO 3 , which provided additional sites for crystallization. The authors 62 responded that their claim was valid. In this case, a net 1 mol of CO 2 was consumed for 1 mol of CaCO 3 produced, which does not violate the stoichiometry of the crystallization. Consequently, as shown in Figure 4 , not only the CO 3 2− ion concentration but also the HCO 3 − ion and other complex ions in the solution such as Ca(OH) + and CaHCO 3 + play a role in CaCO 3 crystallization. 49, 51, 54 Our results indicated that there was a 32% increase in the CaCO 3 crystallization rate in the presence of free-CA. However, we did not see an increasing trend with free-CA concentrations. Therefore, we conclude that the free-CA may not be active in alkaline solution and serves as a template in the solution for forming new nuclei of CaCO 3 to increase the crystallization rate, in agreement with the literature. 54, 55, 59 In the presence of immobilized-CA, the CaCO 3 crystallization rate was amount dependent. As shown in Table 1 , when the amount of immobilized-CA is low, 0.86 mg, the CaCO 3 crystallization rate was about 1.6 × 10 −8 mol/ cm 3 ·s, and when the amount of immobilized-CA is high, 3.45 mg, the CaCO 3 crystallization rate was about 6.7 × 10 −8 mol/ cm 3 ·s. Relatively lower rates were observed for the low amount of immobilized-CA. As shown in Figure 4 , HCO 3 − ion is in the focus. It is clear that the immobilized-CA within the PU foam seems to play a role in CO 2 −HCO 3 − equilibria, resulting in a relative slowdown of the CaCO 3 crystallization. When the amount of immobilized-CA is low, it converts HCO 3 − to CO 2 (aq) and reduces its concentration in the solution, which causes deceleration of the crystal growth. When the amount of immobilized-CA is high, the conversion of HCO 3 − becomes too high so that an increase in the CO 2 (aq) concentration will alarm other immobilized-CA at the neighborhood for the increasing substrate, which accelerates the CaCO 3 crystal growth. Therefore, a higher immobilized-CA amount is required to accelerate the CO 2 hydration and the CaCO 3 crystallization in Ca(OH) 2 solution. Figure 6 shows the CaCO 3 particles formed on the surface (Figure 6a ) and within the pores (Figure 6b ) of the PU foam.
Classical crystallization mechanisms claim that the nucleation step is required before crystal growth. 63 However, novel crystallization mechanisms indicated a prenucleation process in which ions form stable cluster particles. 64 These clusters are charged particles in equilibrium with their ions, and they can grow or collide to produce CaCO 3 nuclei. In a recent study, crystallization on a polymeric template was also revealed. 59 The nature of the polymeric additives such as PU foam composed of polar groups may influence the CaCO 3 crystallization and nuclei formation 31, 65 It is expected that the ions from Ca(OH) 2 solution and newly synthesized clusters as well as nanoparticles would partition within the pores in the PU foam and in the liquid medium. As shown in the figure, the CaCO 3 particles were clearly seen precipitated on the surface of the foam. These particles are chainlike cubic and round shaped aggregated nano- 
Article CaCO 3 particles. It is possible that the adsorption of CaCO 3 nuclei particles deposit on the polymeric foams. This would create a mass transfer resistance in the biocatalytic foams for substrate and product diffusion. However, it seems that this is not the issue because particles in the PU foam are too small and there is a significant deceleration in the carbonization rate by the immobilized-CA. Otherwise, the crystallization rate would not change or would increase in the presence of biocatalytic polymers at the low CA amount conditions. Figure 7 shows the SEM images of the produced CaCO 3 crystals in the presence of free-CA, bare-PU foam, and immobilized-CA. As can be seen from the figure, the CaCO 3 particles produced in the presence of free-CA were generally in round shapes from about 30 to 300 nm in sizes and highly aggregated. For the bare-PU foam used, chainlike nano-CaCO 3 particles were obtained and they were mostly aggregated. When CA-immobilized biocatalytic-PU foam was used, rhombohedral CaCO 3 particles were synthesized in round shapes and aggregation seemed to disappear. Therefore, individual nanoCaCO 3 particles of sizes from about 300 to 500 nm were obtained in the presence of immobilized CA. These particles were determined to be calcite, as evidenced from the XRD patterns shown in Figure 8 . It is clear from the SEM image that these particles have rough surfaces as if they were subjected to erosion in the solution, indicating that the free-CA acts as a template for CaCO 3 crystallization. 59 The spherical morphology generally refers to the vaterite polymorph of CaCO 3 in the chemical method, for which calcium chloride (CaCl 2 ) and sodium carbonate (Na 2 CO 3 ) were used as the source for the precursors. 59 Interestingly, as evidenced from the XRD patterns for the particles as shown in Figure 8 , the round shaped particles obtained in the presence of free-CA were calcite.
Calcite is found generally in cubical shape and the most stable form of CaCO 3 . 4 Contrary to the cubical morphology, the calcite particles obtained here were in round shapes and composed of aggregated polycrystalline nanoparticles. The diffraction peaks detected by XRD refer to index of a calcite polymorph of CaCO 3 (space group: R 3 c (167)) 66 with the Bragg's reflections which were given in JCPDS files, Card 5-586, the 2θ value at 29.468°. The sharp diffractions at the dspacings 3.02864, 1.91257, and 1.87567 confirm the presence of the rhombohedral calcite structure in the (1 0 4) lattice position for the control experiment. 2θ values at about 29.4°a nd d-spacing at about 3.03 indicate the presence of calcite crystals for each sample. The crystals have nearly identical peak positions and narrow peak widths as calcite. No obvious characteristic diffraction peaks of any impurities were detected. The crystal sizes were calculated by the Debye Scherrer equation, and the average crystal size was found to be about 40 nm ± 4.73 nm. In agreement with the SEM images, these aggregates were composed of polycrystalline particles of about 40 nm in size. If the aggregation would not occur, nanosized calcite particles could be produced by using the currently designed experimental setup.
CONCLUSIONS
A new measurement method was developed to estimate the CA activity immobilized in the polyurethane foam especially in alkaline solution. A minireactor was created within Ca(OH) 2 solution, and the CO 2 was introduced to its surface in order to control the CO 2 injection and the crystallization rates. The CaCO 3 crystallization rate was relatively lower for the immobilized-CA at low amounts, and this rate increased when the amount of immobilized-CA was higher. Reproducible results were achieved, producing polycrystalline calcite particles of about 40 nm, which aggregated to form larger particles of about 300 nm. The nanoparticles synthesized in solutions were larger for the immobilized-CA compared to those for the free-CA and bare-PU foam. It was concluded that the free-CA lost is activity in high alkaline solution. The free-CA may serve as a template for forming new nuclei of CaCO 3 to increase the crystallization rate. The immobilized-CA within the PU foam was active in high alkaline solution. Immobilized-CA seems to play a role in CO 2 −HCO 3 − equilibria, resulting in a relative slowdown of the CaCO 3 crystallization when it is in a low amount. Therefore, a higher immobilized-CA amount is required to accelerate the CO 2 hydration and the CaCO 3 crystallization rates in Ca(OH) 2 solution. The newly developed method can also be employed at other pH conditions. 
